ISRAM '94- ¥ifth International Symposium on Robotics and Manufacturing) August 1994

DESIGN, CONTROL, AND APPL1CATIONS OF A
SERPENTINE ROBOT,PART I: DESIGN,
FABRICATION, AND CONTROL

THOMAS s. LEE and TIM OHM
lec@telerobotics. jpl.nasa.gov
Jet Propulsion Laboralory
California Institutc of Technology
Pasadena, California, 91109

SAMAI) JAYATI
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California, 91109

ABSTRACT

The design, fabrication, and control of a 12 1)0}’ serpentine robot is
described. The serpentine robot is used for application in J PL’s Re-
mote Surface Iuspection project and as a rescarch tool inredundant
manipulator control.

1. Introduction

One of our goals was to develop technology toinspect1 crook, hard-to-reach locations.
The JPL experimental facility contains a mockup of the Space Station truss struc-
ture that is cluttered with different types of objects suchias an Orbita Replacement
Unit (ORU) and a thermal radiator. The tasks to be performed range from visual
insp ection by maneuvering inside of narrowly confined areas and detecting anomalics
to temperature and gas leak detection. One such scenario is moving behind a radiator
panel and scarching for electrical damages. ‘1’here arc aso some light manipulation
tasks whichare required to diagnose, service, and repair devices attached to the space
structure.

AtJPL, a highly redundant robot inspectionsystem consisting of 20 DO} will be
utilized to perforin some of the required rc.mote inspection tasks. The idea is to
attach a smart end-cffector tool that has a long- recach serpentine feature at the end
of aconventional robot. Figure 1 shows this configuration. Note that the 7 DOI" of
Robotic.s Research arm is mounted on al DOF mobile base. The larger manipulator
can be thought of as a global positioning device, while the serpentine robot can be
viewed asafine manipulator being restricted to operate in alocal region. In this
paper, the design, fabrication, and control of the serpentine robot is described. (sce
Figure 2).

2. Background

Work in serpentine robotics dates back approximately 30 years. Namely, the Japanese
companies such as Toshiba, Mitsubishi, and Hitachi have done alot of work in this arca
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Figure 1: Overall Inspection System and the Hardware Architecture

{for application in the nuclear POWEr jndustry, Hirose [2] of Tokyo Institute of Technol-
ogy developeda 1 ummber of dlaic-like inechanisms, for example, a crawling mechanism
which utilizes oblique swivel joirits. Asa no [3] built T oshiba’s Self Ap proach System
in1982. A camera was mounted on the tip of this 16 DOY tendon-driven mechanism
to perform inspection.  1n the Unites States, notable works include Anderson and
Horn [4] who built a 16 DOYF tensor arn for Scripps Iustitute 0f Occanography in
1964. Chirikjian and Burdick [5] of Caltech builta 30 DOI" variable geometry truss
manipulator to validate hyper-redundant arm control algorithns.

3. ¥Final Mechanical Specifications of the Serpentine Robot

« 3-1) Mechanism with Tot al Weight of 5.6 1bs

o I'xtended Reach : 345", Diameter of the Robot: 1.5”
« Through-Nole Inside for Cables: 5/16”

. g'eta] of 12 Degrees-Of-Freedom (DOY)

- 5Pitch DOF (—60° 1o 600), 5 Yaw'DOF (=60° to 60°)
~1Roll DOF (- 180° to 180°), 1 BorescopeDOY (- 100° to 100°)

« DOY Velocity ;60 dc!grem/second

The serpentine robot was designed to be utilized as a smart end-cffector tool. The
serpentine robot would be picked up by a base robot when additional dexterity is




Figure 2: The JPIL Serpentine Robot

required to perform the task. in this paper, only a few of the design issues will be
discussed, Yor more details, please refer to [6].

4. Serpentine Robot Design

Since the serpentine robot isto be attached at the end of another robot, weight and size
needed to be minimized. Miniature, yet high torque motors were needed. MicroMo’s
2 watt DC motors were chosen. Based on ironless core technology, these products
have the feature of high efficiency with low mechanical time constants.

‘1’0 achieve high torque, each axis has a very high gearhead ratio. The axes of the
first two base joints have a gearhead ratio of 3333:1, and the axes of the rest of
the joints have a gearhead ratio of 1111:1 (high gear ratio was achieved by building
our own custom planetary stages). Two redundant motors which are mechanically
coupled turn each axis and provide double the torque of one motor. The gear-tra,ill is
non-backdriveable. Maximum torque at each DOF is 90 in-lb.

The joint design needed to be compact. 1f the conventional method of mounting
the motors on the joints were adopted, the serpentine robot would have had a bulky

design. A patented design owned by the NEC Corporation was chosen. This design
allows all motors to be mounted inside of the joint housings.

The origina design is an active universal joint based on work by Tkeda and Takanashi
[7] of the NEEC Corporation. Our mechanisim was made more compact by modifying
their joint assembly design. The basic idea is illustrated in Figure 3. The oblique
swivel joint assembly has two shafts, with each shaft attached to a half-sphere atan
oblique angle. The two half-spheres arc joined together to rotate freely with respect
to cach other. This arrangement is contained inside a universal joint with each shaft
joined to one side of theframes that make up the universal joint. The motors rotate




Figure 3. Oblique Swivel Joint Assembly

the two shafts thereby actively changing the orientation of the universal joint. Both
motors are controlled simultancously to change the orientation. Now consider the
Spherical coordinate system. When the motors are rotated in the same directions,
the joint asscinbly makes a motion along the v direction. If the motorsare rotated
in opposite directions, then the joint assembly makes a motion aong the 6 direction.
The motions along the ¢ and § directions make up the 2 DOY movement of the joint.
Note that whenthe shafts are collincar (¢ = O), a degeneracy (singularity) occurs.

The oblique swivel joint can simply be considered as a two-axis joint having yaw (6,
arotation about its X axis) and pitch (fy, rotation about its Y axis) motions. et w1
and w2 be the angular velocities of the two motors at the joint. Let 8 and ¥ be the
relevant angular velocities in the Spherical coor dinate system as discussed above in
Figure 3. Finally, let 6, and éy be angular velocities about X and Y axes respectively.
We want to find the angular motions about the X and Y axes caused by the motions
of the motors. That is, we transform the motor velocities as follows:

(w1 >w2) - (6,9)— (s, 6,)

First, we compute the intermediate angular velocities:
0 = Ki(wi+ w2)

=Ky (W - wy)
where Iy zmd. Ko arc some constants.
We integrate 6 and 3 for the following transformations:
0, = ATAN (- s s0,c)
0, = AT AN (s cO,ctp ¢l - s3p s0 s0,)

we then difference the obtained 6 and 8, with the previous 6, and 8, to obtain the
desired results.




5. Additional Features of the Serpentine Robotl System

The mechanisin was designedto be mechanically modular -- the joints can be casily
added or subtracted. Visual data is acquired by using of a flexible borescope embedded
inside of the serpentine robot housing. User interface will be done by interacting with a
SGI1/IRIS graphics menu. The motors are controlled remotely from externally located
VM Ebus hard ware.

All the above features are described in more detail in [6]
6. Control: Via Point Fitting Algorithm (VPFA)

An obvious method of motion planning for theserpentine robot is to utilize some sort
of a “fcdlem’-tlic’-Icader” algorithm. The idea is to first let the tip of the serpentine
robot to move in such a way it does not collide into any of the obstacles. To avoid
collision with the obstacles for the rest of the serpentine robot’s body, we direct the
rest of the links to follow the task space paththat the tip has propagated through. in
this section, we briefly describe one such motion planning algorithm.

Consider a serpentine robot with N joints. Fach joint has 2 DOY and is capable of
angular motions With respecttoits XandY axes. Given a set of Nyia via points
V., VPNyia) in Cartesian task space that the tip of the serpentine robot has
propagated through, we decompose the motion planning problem into two subp rob-
lems: (1) sclect Joint Frame Move Points (JEMP) which are a series of N-point sets
for the origing of the robot joint frames 1o propagate through; then (2) solve for the
pitch and yaw angles at cach joint to fit the selected JPMYP points.

The JEMP points can be selected by propagating backward from the last via point
(V Pn,,. ) where the tip is located toward the first via point (V 77). We designate a
particular via pointasa J1°MP point for the corresponding joint if the via point’s
accumulated Yuclidean distance (i. ¢.,v/224y? + 22) from the tip position is close
to the accumulatedsuin of appropriate link lengths. For example, the JI'MYP for
the last joint N is the position of the serpentine robot’s tip. The JEMP for the
next tothe last joint (-] ) is marked when the accu nulated Buclidean distance from
the tip point is close to thelength of the last link. The JFMP for the joint (N-
2) is marked when the accumulated Fuclidean distance is close to the sum of the
lengths of the last two robot links. Fhis procedure continues until all N- JFMYP points
(XNYNLZN) (XN, YN-T 2N -1 )5 oo (X1, Y1, 71)) are selected from the via points.
We now proceed to the fitting portion.

We start fitting from the base joint(i.c., computing, the corresponding 6, and 0, angles
at the base frame). Let the JFMY point associated with the base framebe (X, 17, Zy).
Here we simply solve a problem of computing the required angular rotations to place
a point (0, 0, VXEAY? 1 Z8) (0 (X1, Y1, %1). The solution of this problem is as
foll Ows:

0, = ATAN(-Y:/%y) (1)
0, = ATAN((cby X1)/7) (2)
0, =6, 0= 0, (3)

To compute the next set of @, and 6, we position our reference frame to have



( Xi, 1}, Z1) as the new origin, and reorient the next J'MP point which is (Xo, Ys, Z2)
to be referenced with respect to the orientation of the new reference frame. First
compute avector associated with (X, 2, 72). That is,
Voz (Xo- X0, Yo 21, %2-7)
Then multiply a rotation matrix to the vector Va-That is,
Vy = RotX (6y) RotY (62) Vs,

Vj is the vector referenced with respect to the frame of the secondlink. Then once
again, we use asimilar set of equations as equation (1), (2), (3) above to fit to V. 6,
and 64 are then found. The next JFMP pointis computed as follows:

VI = RotX (8,) RotY (8;) RotX (65) RotY (64) Vs

The procedure continues until all augles are comnputed.

AnIRIS/SGI graphics simulation program has been written. The VPFA algorithm
has been validated by testing it on the IRIS machine.

7. Conclusion

We arc! inthe process of implementing several control algorithms for the serpentine
robot. In the meanwhile, control experiments are being performed to resolve’ any
instability problems associated withhigh gear ratios.
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